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I. INTRODUCTION
A N OPEN-ENDED coaxial line, which has been previously analyzed [1] is a viable sensor for in vioo permittivity measurements at radio frequencies (RF). When used with a computer-controlled network analyzer this method offers convenience and provides good accuracy of measurements [1] . The line offers several advantages when compared with the short antenna sensor [2] . These include better compatibility y with the measured material, no necessity for custom designed components (short-circuit and matched load), and simple relationships between the permittivit y and the measured reflection coefficient.
There exists a relatively large data bank of the in vitro dielectric properties of biological substances, but only recently have a few biological substances been measured in uivo [3] . The permittivity of tissues in vivo is often different from that in vitro [3] . Knowledge of these properties is important in evaluating potential hazard of RF radiation, and in biomedical applications such as hyperthermia for cancer treatment and radiometry for cancer detection.
In this paper calibration methods of the open-ended coaxial line sensor are described. The accuracy of the method as limited by systematic and nonsystematic errors is evaluated experimentally and compared with theoretical estimates given in [1] for several reference substances. Manuscript received Oct. 28, 1980; revised July 30, 1981 
where r is the magnitude and @ is the phase of the input reflection coefficient, and c' and C" are the dielectric constant and loss factor of the calibration dielectric, respectively.
Saline solutions and water are good calibration dielectrics at frequencies O.1-1 GHz due to the small uncertainty in measurements [1] . Calibration at higher frequencies to determine CO should be avoided since above a certain frequency (determined by the coaxial line dimensions), CT is a function of frequency. Determination of Cf is more difficult since low dielectric constant materials have to be used and for these the accuracy of measurements is poor
zo ( The animal was surgically prepared and monitored on a life support system. Rectal temperature was monitored and controlled with a heating pad and heat lamp. During the first two hours after anesthesia the temperature was 35"C, later rising to 36.5°C (normal 37.5"C).
Various tissues were surgically exposed for measurements. Skeletal muscle was exposed following a skin incision in the thigh. Smooth muscle and internal organs were exposed following a medial abdominal incision. In all cases, tissue exposed to air was maintained moist with an application of normal saline. Just before the tissue was placed in contact with the test probe it was blotted to remove the surplus saline. Tissue temperature was measured with accuracy of *0.20 C using a digital temperature probe (Vitek) immediately prior to or following the dielectric measurements. At least three different locations of the same tissue type were measured. Consecutive measurements at the same location yielded identical data, and therefore were not done routinely, but only occasionally, to check the system operation. In cases where the tissue was too thin (less than 5 mm) it was folded double to secure at least 5 mm of the tissue under the test probe.
III. EXPERIMENTAL RESULTS
A. Probe Capacitance Table II . The measurements were performed at frequencies from 0.01 to 1 GHz, and the effect of the sample thickness was found to be relatively insensitive frequency.
C. Reference Materials
The dielectric constant and loss factor of distilled water measured with the two probes are shown in Fig. 1 with CO=78.3, cm =4.6,~=8.07 ps, and a= 0.014 [7] . The points indicate the experimental data. Each set of measurements was taken after a separate error correction procedure. It should be noted that two measurement systems were used, the system based on the HP8407 network analyzer at frequencies 10-100 MHz, and the system based on the HP841O network analyzer at frequencies 100 MHz-1 Relative errors in the conductivity measurements of the saline solutions are shown in Fig. 3 . The relative uncertainty in the conductivity is equal to the relative uncertainty in the loss factor. The actual errors are within the estimated limits.
The measurements on the reference materials have shown that when proper care is exercised during the measure- of a small air bubble was occasionally observed while measuring water samples. This effect was clearly evident as the measured permittivity values at all frequencies were smaller than the actual values.
2) Temperature drift, particularly due to changes in the length of the coaxial line connectors was consistently observed. Therefore, the measurement system was turned on for at least 3 h before the tests were performed.
3) Imperfect connections during calibration usually resulted in large correction parameters and were eliminated before proceeding to further tests. The dielectric constant and loss factor of skeletal muscle (biceps femoris) are very close to in vivo data for canine rnus~e [2], [9] . No published data is available for smooth muscle, whose dielect~c properties at frequencies 10-100
MHz are somewhat different from those of skeletal muscle.
The dielectric constant of cat kidney was found to be lower at frequencies 0. for muscle tissue. They may be attributed to the different water content of spleen and liver for various species.
IV. CONCLUSIONS
The permittivhy of distilled water, saline solutions, and methanol were measured using an open-ended coaxial line The measurement method has proven to be very fast (time to obtain data at one frequency without the calibration is about 10 s; calibration takes about 10 min and should be dofie after a long warm up of 2 h or more), convenient, and accurate. 
